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EXECUTIVE SUMMARY 
 

Permanent deformation, or rutting, is a common failure mode of flexible 

pavements.  Many methods have been developed to assess the susceptibility of a 

hot-mix asphalt (HMA) mixture to rutting and a related failure mode, stripping.  

Wheel-track testing is currently one of the most common methods.   

 Wheel-tracking tests subject HMA samples to a loaded wheel that tracks 

linearly along the sample, producing a rut.  When the test is performed in the 

submerged condition, stripping may also be detected. 

 The Evaluator of Rutting and Stripping in Asphalt (ERSA) was developed at 

the University of Arkansas.  It is a wheel-tracking device that has the capability of 

using various wheel types, and utilizes an advanced data acquisition system to 

describe a complete longitudinal profile of each sample as it ruts.  ERSA is capable 

of detecting both rutting and stripping failures in HMA mixtures. 

 A total of 442 wheel-tracking tests were performed on field- and 

laboratory-compacted samples from five sites in order to evaluate the effects of 

specimen air void content, testing temperature and load, specimen shape, 

compaction method, and wheel type.  The mixtures were ranked, then compared 

to field rutting measurements at each site after three years of service. 

 In general, air void contents less than ten percent did not significantly 

affect ERSA test results.  Temperature and load were significant factors, the 50 C 

(122 F) and 591 (132 lb) load combination providing the greatest discrimination of 

mixes and the most accurate representation of field rutting characteristics.  Field-

compacted specimens showed less rutting resistance than laboratory-compacted 

specimens.  Relative to wheel-type, the ERSA steel wheel was the only one able to 

consistently detect the presence of stripping.  Moisture damage test results based 

on traditional methods were compared to stripping data obtained from the ERSA 

test, with no correlation evident between the methods.   

 A standard test method was developed for the ERSA device and rutting 

criteria were set.  Maximum allowable rut depths of 5 mm (0.2 in) and 10 mm (0.4 

in) were specified for mixes serving high and low volumes of traffic, respectively. 
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INTRODUCTION 

 Permanent deformation, or rutting, is a primary failure mode of hot-mix 

asphalt (HMA) pavements.  Failure due to moisture damage, or stripping, is also a 

major concern.  These two failure modes result in a loss of serviceability of the 

HMA pavement, and can pose certain safety risks as well.  A variety of laboratory 

test methods have been developed in order to gain a better prediction of these 

performance characteristics of pavements.  Some of the methods have been used 

for many years, while others are still in the developmental stage.  One of the 

newer methods is wheel tracking.  Wheel-tracking devices subject asphalt 

pavement samples to repeated loadings by a moving wheel in order to estimate 

the anticipated permanent deformation characteristics of the pavement.  By 

performing the test in the submerged state, a measure of moisture susceptibility 

for the mixes can also be assessed. 

 The University of Arkansas has developed a wheel-tracking device called 

the Evaluator of Rutting and Stripping in Asphalt (ERSA).  It is similar to one 

created in Europe, known as the Hamburg Wheel-Tracking Device (HWTD).  ERSA 

is comparable to the HWTD in many ways, but has several features that make it 

more adaptable to a variety of testing modes.  The purpose of the ERSA device is 

to gain a clearer understanding of the susceptibility of flexible pavements to 

rutting and stripping.  Such testing in the laboratory would enable potentially poor 

mixes to be identified while still in the design phase.  Thus, a mix that is 

susceptible to the failure modes of rutting and/or stripping could be detected prior 

to investing the substantial cost for constructing a pavement. 
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ASPHALT MIXTURE DESIGN 

 As early as the 1860s, asphalt has been used in roadway construction.  

Since that time, roadway designers have desired to design and build flexible 

pavements that would not succumb to common distresses such as rutting, 

shoving, cracking, bleeding, and raveling.  One way of attempting to prevent such 

failures was by properly designing the HMA mixtures.  It was felt that the right 

combination of asphalt cement binder and of aggregates, properly proportioned, 

would result in a stable and acceptable mix (1).   

HMA mix designs were developed with the intent of increasing a flexible 

pavement’s resistance to permanent deformation, fatigue, low temperature 

cracking, and moisture susceptibility.  Workability, durability, and skid resistance 

were also desired mix characteristics.  To meet these goals, several mixture design 

procedures were developed in which constituent materials were volumetrically 

proportioned, and strength tests were used to validate the mixture product. 

 The most common early mixture design methods were the Marshall 

method and the Hveem method.  According to a 1984 survey, 38 states reported 

the use of some version of the Marshall Method, while 10 states reported the use 

of the Hveem method.  The Hveem method was the predominant method used in 

the western United States.  Texas reported the use of the Texas mix design 

method, and Massachusetts reported the use of the gradation method (2). 

Marshall Mixture Design 

 The Marshall method was first developed in 1939 by Bruce Marshall, a 

bituminous engineer for the Mississippi Department of Transportation.  The 
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procedure was further refined by the Army Corps of Engineers and subsequently 

standardized by the American Society for Testing and Materials (ASTM) for 

laboratory design and field control of HMA (1, 3).  The two principal features of 

the Marshall method are a density-voids analysis and a stability-flow test of 

compacted specimens.  The Marshall method employs impact compaction of 

laboratory test specimens by a free-fall “Marshall Hammer” from 0.457 m (18 in) 

above the specimen with 35, 50, or 75 blows to each face, depending on the 

expected traffic levels for the mix.  The cylindrical test specimens are 100 mm (4 

in) in diameter and approximately 63 mm (2.5 in) in height (1, 4).  Calculations 

are performed and graphs prepared in order to compare binder content to six 

different mix characteristics.  The six characteristics are unit weight, percent air 

voids, percent of voids in the mineral aggregate (VMA), percent of voids filled with 

asphalt (VFA), stability, and flow.  The first four characteristics are associated with 

weight-volume relationships.  Stability and flow are related to the anticipated 

shear resistance of the mixture.  Limits are set by the Marshall method for each 

level of compactive effort for determining an acceptable mix design.  The optimum 

design level of air voids is 4.0 percent, which is the level desired in the field after 

several years of traffic.  Mixes that consolidate to less than 3.0 percent air voids 

can be expected to rut and shove over time (1).   

 Advantages of the Marshall method include equipment that is relatively 

inexpensive and portable, making it applicable for quality control operations in the 

field.  A disadvantage of the method involves the impact compaction method, 

which may not truly simulate compaction as it occurs in the field.  Additionally, it is 
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felt that the Marshall stability test does not adequately measure the shear strength 

of a mix, making it very difficult to estimate a pavement’s resistance to distress (1, 

5).   

Hveem Mixture Design 

 In the 1920s, Francis Hveem began working with “oil mixes” in California.  

As advancements in paving construction were made, Hveem continued to refine 

his method of mixture design until it evolved into its final form in 1959.  The 

Hveem method is much like the Marshall method in that it places restrictions on 

the weight-volume relationships of the aggregate and binder.  One major 

difference is that the Hveem method employs the California Kneading Compactor 

for specimen preparation.  The relationship between aggregate gradation and 

surface area is used as a method of determining optimum asphalt binder content.  

The method also requires the determination of a centrifuge kerosene equivalent as 

a method of accounting for differences in aggregate surface texture and 

absorption.   

It was felt that more testing was needed to ensure proper mixture 

performance.  The Hveem stabilometer was developed to evaluate the stability of 

the mix, or the ability to resist shear failure.  A second device, called a 

cohesiometer, was designed to measure the cohesive strength across the diameter 

of the compacted specimen.  The Hveem stabilometer has been shown to be a 

poor predictor of performance (6).   

These mix design procedures offered little assistance in distinguishing 

between mixes of high, moderate, or low rutting resistance (7).  A growing 
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dissatisfaction with these methods led to the development of the Superpave 

mixture design procedure. 

Superpave 

 In the spring of 1987, the United States Congress passed legislation to 

provide five years of funding for the Strategic Highway Research Program (SHRP), 

which represents the single largest highway research effort in history.  The 

primary focus of the research was asphalt materials and mixtures, with the specific 

objective of improving durability and performance of roadways in the U. S.  

Approximately one third of the $150 million research funding was used to create a 

performance based asphalt design specification to relate laboratory analysis 

directly to field performance.  In 1991, the term Superpave, which stands for 

Superior Performing Asphalt Pavements, was created to refer to the performance 

based specifications, test methods, equipment, testing protocols, and a mixture 

design system.  The premise behind Superpave was to create asphalt mixtures 

that possess more desirable characteristics relative to field performance and to be 

able to characterize these properties in the laboratory prior to field placement (5, 

8).   

 Many of the procedures and criteria contained in Superpave volumetric 

design are very similar to the Marshall design method.  However, Superpave has a 

more extensive procedure for aggregate selection, and includes aggregate 

properties as an integral part of the mix design process.  Volumetric design 

requirements are outlined in the AASHTO Provisional Standard PP28-00, “Standard 

Practice for Superpave Volumetric Design for Hot-Mix Asphalt (HMA)”.  Superpave 
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also goes beyond volumetric design by including procedures and criteria for 

performance tests, which predict a pavement’s response to factors causing major 

distresses such as low temperature cracking, fatigue cracking, and permanent 

deformation, or rutting (9).  

One of the major new features of Superpave is that it requires a different 

compaction device, known as the Superpave Gyratory Compactor (SGC).  Samples 

are subjected to a gyrating motion and a pressure of 600 kPa (87 psi) while tilted 

at an angle of 1.25 degrees (8).  This motion is an attempt to simulate the 

compaction of an asphalt mat by a roller in the field.  It stands to reason that if 

the laboratory procedures closely mimic the field procedures, a design can more 

properly be implemented in the field.   

The gyratory compaction curve is a plot of the percent of theoretical 

maximum density (%Gmm) versus the log of the number of gyrations (log N), as 

shown in Figure 1.  Criteria must be met for the %Gmm at specific numbers of 

gyrations, termed N initial (Nini), N design (Ndes), and N maximum (Nmax).  The Ndes 

value is based on the level of traffic volume and the design temperature at the site 

of the actual project (10).  The slope of the gyratory compaction curve, m, is 

calculated using C, the %Gmm after Nini, Ndes, and Nmax gyrations.  The slope of the 

densification curve, m, is calculated from the best-fit line of all data points 

assuming that the gyratory compaction curve is approximately linear.  The slope 

calculation is given in Equation 1 (10).  Compaction slopes of Superpave mixes 

have been shown to be twice as large as that of the Marshall mix (11).  Studies 

have also shown that the densification curve can be used to estimate the 
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resistance of mixtures to densification by approximating energy as an alternative 

way to measure shear resistance (12).   

m = (log Nmax – log Nini) Equation 1 
   ( Cmax - Cini ) 

Several changes from traditional methods have been implemented with 

regard to aggregate gradation.  Traditional mixes used a band gradation criteria, 

such that there is a band on the “0.45 Power Chart” within which blend gradations 

must fall (4).  This type of criteria is shown in Figure 2.  In contrast, Superpave 

gradation specifications include the maximum density line, control points, and a 

restricted zone.  The maximum density line is a straight line drawn between 100 

percent passing the maximum aggregate size and the origin, representing the 

densest possible aggregate gradation.  Control points are located at the 0.075-mm 

(#200) sieve, the 2.36-mm (#8) sieve, and at the nominal maximum sieve size 

(NMAS).  The nominal maximum aggregate size is one sieve size larger than the 

first sieve that retains more than ten percent; the maximum aggregate size is one 

sieve size larger than the nominal maximum sieve size.  Superpave gradation sizes 

are designated by the nominal maximum aggregate size.  The criteria are such 

that the gradation curve must pass between the control points, but should not 

pass through the restricted zone (8).  The gradation requirement for a 19.0-mm 

aggregate blend is given in Figure 3. The restricted zone requirement was created 

as an aid in the prevention of low stability mixtures, which are prone to rutting 

(13).  Prior to Superpave, most states designed mixes with gradations that would 

pass through or above the restricted zone (14), however Superpave originally 
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recommended that blend gradations pass below the restricted zone in order to 

improve mixture performance (8).   

Superpave also includes a binder specification in which binder grade is 

determined by various measures of binder stiffness at specific combinations of 

load duration and temperature.  The binder grade should be chosen according to 

the design pavement temperature in the particular geographic area, but a higher 

grade may be selected if the traffic conditions are to be severe, such as high 

volumes of traffic, or intersection traffic patterns.  Design pavement temperatures 

for various geographic areas have been determined based on the highest seven-

day average pavement temperature and the lowest pavement temperature in a 

year.  The grades of asphalt are termed accordingly.  For example, an asphalt 

binder PG 64-16 is “performance graded” and would meet the specification for a 

design high pavement temperature of 64 degrees C and a design low temperature 

of –16 degrees C (15).   

 Although binder testing can yield much beneficial information for the 

design of asphalt mixtures, the fundamental properties of the binder/aggregate 

mixture must also be considered.  Once the volumetric properties have been 

determined, the Superpave design method recommends further testing for mix 

designs serving high traffic volumes in order to characterize the performance 

properties of the mix.  The original intention of the Superpave mix design method 

was to accomplish this task by incorporating additional performance testing of 

mixes when expected traffic levels exceed one million equivalent single axle loads 

(ESALs).  These tests involve both performance-based and performance-related 
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properties. Performance-based properties directly impact the response of the 

asphalt pavement under load, while performance-related properties are indirectly 

related to pavement performance.  Testing is performed in a staged manner such 

that an intermediate level of analysis is suggested for expected traffic levels of up 

to ten million ESALs, and a complete analysis is recommended for traffic levels in 

excess of ten million ESALs (5, 8).  New equipment was designed for the purpose 

of measuring the fundamental characteristics of a pavement related to low 

temperature cracking, fatigue cracking, and permanent deformation.  The two 

new devices are the Indirect Tensile Tester (IDT) and the Superpave Shear Tester 

(SST). 

 Both the IDT and the SST have come under a great deal of scrutiny and 

are in the process of being refined.  Both are relatively expensive, and very few 

mix designers actually use the two as a part of standard design procedures.  

Instead, most agencies and designers have implemented some form of “proof” 

testing as a surrogate method for determining performance characteristics.  Proof 

testing is more empirical in nature than the Superpave performance tests, but 

even these empirical methods may be the most efficient and beneficial way 

available for determining a measure of anticipated performance for asphalt 

mixtures.  

 Wheel-tracking tests are among the most common of the proof tests.  

Although these devices are empirical in nature, they have been proven to provide 

valuable pavement performance information at a reasonable price. 
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FLEXIBLE PAVEMENT DISTRESSES 

 Flexible pavement distresses are numerous and varied, but careful 

selection of materials and conscientious construction practices can help to 

decrease the effects of such distresses.  HMA pavements are susceptible to a 

number of cracking distresses including fatigue cracking, block cracking, 

longitudinal cracking, and transverse cracking.  Severe cracking may lead to 

potholes.  Surface deformations may appear in the form of rutting or shoving.  

Other surface defects may also occur such as bleeding, polishing, or raveling (16).  

Each of these distresses is displeasing to the driver, causes some loss of 

serviceability, and in some cases, creating unsafe driving conditions.  The most 

notable of the flexible pavement distresses are low temperature cracking, fatigue 

cracking, permanent deformation, and moisture damage. 

Low Temperature Cracking 

 Low temperature cracking, or thermal cracking, is primarily a function of 

the asphalt cement binder.  As the pavement temperature decreases, the 

pavement shrinks and tensile stresses are created in the pavement layer.  In the 

field, low temperature cracking is detected by the presence of evenly spaced 

transverse cracks.  Hard asphalt binders are more prone to cracking in cold 

weather than soft asphalt binders.  It would seem that using a soft asphalt binder 

would be an obvious solution, but a binder that is too soft can cause a pavement 

to be susceptible to a variety of other problems, such as rutting and shoving.  The 

best way to avoid low temperature cracking is to use an asphalt binder that is 
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appropriate for the pavement temperature range of the geographic area.  

Superpave binder testing procedures address these issues (15). 

 The Superpave binder specification is contained in the AASHTO Provisional 

Standard MP1-98, “Standard Specification for Performance Graded Asphalt 

Binder”.  This specification imposes requirements on various binder properties as 

an attempt to limit the asphalt binder’s contribution to the typical failure modes of 

HMA.  Requirements for properties of each binder grade must be met at the 

designated temperatures in order to validate the use of the binder for HMA 

mixture design.  Thus, an adequate binder can be selected for any given 

geographic region. 

 The Superpave binder specification requires a host of binder tests, 

including dynamic shear, creep stiffness, and direct tension tests.  Tests for 

stiffness and strength are used to address issues associated with low temperature 

cracking.  Creep stiffness is measured using a bending beam rheometer (BBR), 

which applies a small creep load to an aged binder beam specimen while 

measuring its resistance to the load.  The BBR measures how much a binder 

creeps under a constant load at a constant temperature, the test temperature 

being related to the pavement’s lowest service temperature (17).  This procedure 

is outlined in AASHTO TP1-98, “Standard Test Method for Determining the Flexural 

Creep Stiffness of Asphalt Binder Using the Bending Beam Rheometer (BBR)”.  

Creep stiffness, s, is the resistance of the binder to creep loading; creep rate, m, is 

the change in stiffness during loading.  If the creep stiffness is too high, the binder 
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will be brittle and more likely to crack.  Therefore, creep stiffness is restricted to a 

maximum of 300 MPa.   

 A less stiff (more pliable) binder is more resistant to low temperature 

cracking, but this type of material could lack the strength to withstand the tensile 

stresses that occur during contraction of the pavement as temperatures decrease.  

The BBR cannot model a binder’s ductility, or ability to stretch before breaking.  

Therefore an additional requirement must be met relative to low temperature 

cracking.  The direct tension tester (DTT) is used to test a binder after aging.  Two 

methods of aging are used, which represent short-term and long-term aging in the 

field.  Short-term aging, as experienced by a newly placed HMA, is simulated by 

the Rolling Thin Film Oven (RTFO).  The Pressure Aging Vessel (PAV) is used to 

simulate long-term aging within the pavement over time (17).  Testing in the DTT 

is performed on binders after aging in both the RTFO and the PAV.  In this test, a 

binder sample is pulled at a slow, constant rate such that it elongates and then 

finally fails.  Failure strain (εf) is calculated as the change in length (∆L) divided by 

the effective gauge length (Le).  Details of the test method are given in AASHTO 

TP3-00, “Standard Test Method for Determining the Fracture Properties of Asphalt 

Binder in Direct Tension (DT)”.  In order to meet the criteria set forth by the 

Superpave binder specification, the failure strain must be at least 1.0 percent at 

failure, where failure is defined as the load at which the stress is maximized. 

 Binder testing is important, but it cannot be used as a sole measure of a 

pavement’s resistance to distress.  Aggregate/binder interactions can also play a 

significant role and should be tested as well.  The Indirect Tensile Tester (IDT) is 
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one of the new devices developed by the SHRP research effort.  It is intended to 

be used for intermediate and complete analysis for high traffic volume mixtures.  

The IDT is made up of a closed-loop electrohydraulic, servohydraulic, or 

mechanical screw system that can apply relatively low static loads.  The loading 

mechanism applies a compressive load, thereby indirectly creating a tensile stress 

within the sample, as shown in Figure 4.  The IDT is primarily intended for the 

determination of properties associated with mixture behavior at low temperatures.  

Two tests are performed using the IDT in order to model creep and strength at 

low temperatures.  These methods are given in AASHTO TP9-96, “Test Method for 

Determining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using 

the Indirect Tensile Test Device”.  Test parameters are varied based on whether 

an intermediate or complete analysis is being performed.   

Fatigue Cracking 

 Fatigue cracking is largely a function of the pavement structure.  Repeated 

traffic loads create deflections at the pavement surface as well as tensile strains at 

the bottom of a pavement structure.  This concept is illustrated in Figure 5.  If a 

pavement layer is too thin, or if the supporting layers are too weak, large 

deflections may result, leading to increased tensile strain, even to the point of 

failure.  Also, as the HMA ages, it oxidizes and becomes brittle.  An old, brittle 

pavement is more susceptible to fatigue failures.  Severe fatigue cracking is often 

referred to as “alligator” cracking because the crack pattern resembles the rough 

texture of an alligator’s back.  Proper binder selection can increase a pavement’s 

ability to withstand surface deflections, but even the best asphalt mixture cannot 
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perform properly if it is not adequately supported.  Thus, the structural design of a 

pavement has a greater impact on fatigue performance than the design of the 

asphalt mixture (8).   

 The first pavement design methods were empirical.  Empirical pavement 

design attempts to correlate factors in such a way that will produce acceptable 

pavement performance.  For instance, very early pavement designs used a 

subgrade soil classification system to estimate required pavement thickness (18).  

It was believed that a thinner pavement layer would be capable of producing 

acceptable performance if the underlying soil was considered good.  On the other 

hand, a poor subgrade soil would require a thicker pavement structure in order to 

resist distress.  While this concept is logical, no fundamental relationships exist, 

and estimations of pavement thickness must be determined for all types of 

subgrade soils and all types of pavement structures.   

In 1929, the California Highway Department began using a design method 

in which pavement thickness was related to a strength test – the California 

Bearing Ratio (CBR).  This method was studied further by the Corps of Engineers, 

and gained considerable popularity after World War II.  While soil strength is a 

better property upon which to base pavement design thicknesses, fundamental 

properties are still not being measured, and thus the method is empirical.  

Empirical models have worked well in many instances, but the disadvantage of this 

type of relationship is that it does not account for varying conditions of materials, 

traffic, and climate (18).  If conditions change, the empirical design is no longer 
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valid and a new relationship must be established, often by method of trial and 

error. 

 Traditional test methods that have been used to evaluate fatigue 

characteristics include the Benkelman beam test, Falling Weight Deflectometer 

(FWD), and other non-destructive tests (19).  These tests provide a means of 

estimating some fundamental characteristic of the pavement structure.  For 

example, the FWD test measures the deflection caused by a falling weight.  The 

deflection values at various distances from the weight are used to back-calculate a 

resilient modulus value.  The resilient modulus is considered to be a fundamental 

characteristic of the pavement layer that can then be used in pavement distress 

models for structural pavement design.  The advantage of the FWD method is that 

deflection is relatively easy to measure in the field, but unfortunately it is 

excessive stresses and strains, not deflections, that cause pavement failures (18).  

 Mechanistic pavement design uses material properties, traffic, and climatic 

conditions to develop a structural model based on pavement responses.  Traffic 

conditions are typically based on ESALs.  Transfer functions, or distress models, 

are used to relate the material, traffic, and climate components to an estimate of 

distress, which is then used as a measure of pavement performance.  Iterations of 

the design process and associated reliability levels are then used to produce a final 

design (19).   

 Purely mechanistic design procedures are difficult to establish, and 

therefore most mechanistic procedures contain some sort of empirical component.  

Field calibrations must be applied to mechanistic design models in order to more 
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accurately relate the model predictions to actual field performance.  This adds the 

empirical component to the mechanistic-empirical pavement design procedures.  

Field calibrations can be done in two ways.  The first is to apply a shift factor that 

will reconcile the differences between actual and predicted distresses.  The second 

involves a direct correlation between structural response calculations and field 

distress measurements (19).  Road tests have been used extensively to create 

regression equations that correlate fundamental material properties to pavement 

performance.  The AASHO Road Test, among others, provided a substantial 

quantity of information regarding flexible pavement characteristics and distresses.  

The usefulness of this type of design aid is limited because, much like empirical 

design, the relationships developed apply only to the specific materials and 

conditions used in developing them (18).   

 Many structural models are available.  Kentucky first presented its 

mechanistic based design curves in 1968.  The Asphalt Institute (AI) has also 

published a set of design curves, which have been widely used.  Shell created a 

design method similar the AI method.  Illinois researchers developed a computer-

based model known as ILLI-PAVE, which incorporates finite element analysis for 

flexible pavements.  Regression equations are used to predict responses for typical 

flexible pavements.  By incorporating resilient modulus and failure criteria for 

granular materials and fine-grained soils with the Mohr-Coulomb theory of failure, 

the radial strain at the bottom of the HMA, vertical strain on the top of the 

subgrade, subgrade deviator stress, surface deflection, and subgrade deflection 

are predicted (18, 19). 
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 Binder properties can provide valuable information with respect to fatigue 

cracking.  According to AASHTO TP5-98, “Standard Test Method for Determining 

the Rheological Properties of Asphalt Binder Using a Dynamic Shear Rheometer 

(DSR)”, the Dynamic Shear Rheometer (DSR) is used to test both loading time and 

temperature in order to model the rheological properties of complex shear 

modulus (G*) and phase angle (δ).  Properties relating to both fatigue cracking 

and permanent deformation are tested using the DSR.  G*, referred to as “G star”, 

is a measure of the total resistance of a material to deformation when exposed to 

repeated shear stress loadings, and is expressed as a ratio of total shear stress to 

total shear strain.  Some of the deformation is recoverable, or elastic, and some is 

non-recoverable, or viscous.  Delta, δ, indicates the relative amounts of elastic and 

viscous deformation.   

The values of G* and δ depend greatly upon the temperature and 

frequency of loading.  In cases of extremely high temperatures, binders behave 

like viscous fluids and do not recover from repeated loads.  A purely viscous liquid, 

such as water, has a phase angle of 90 degrees.  At the other extreme, very low 

temperatures cause binders to behave like elastic solids such that they completely 

rebound from the load applications.  A purely elastic material such as this has a 

phase angle of 0 degrees.  In reality, binders at typical pavement temperatures 

and traffic loadings exhibit both viscous and elastic properties, meaning that 

asphalt cement binders are viscoelastic materials.  The viscoelastic relationship is 

illustrated in Figure 6.  The DSR phase angle differentiates between the elastic and 
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viscous components of the asphalt binder.  G* and δ are both required for 

adequately describing material behavior (15, 17).   

 Relative to fatigue cracking, G* and δ are combined in the calculated term 

G*sin δ.  According to AASHTO MP1-98, “Standard Specification for Performance 

Graded Asphalt Binder”, the value of G*sin δ is restricted to a maximum value of 

5000 kPa.  DSR tests are performed on binders that have been aged in both the 

RTFO and the PAV.  Low values of both G* and δ are preferable, and therefore an 

elastic binder will provide the best resistance to fatigue cracking.  A low G* value 

means that the binder has a low resistance to deformation, (i.e. it will “give”) 

when subjected to repeated loadings.  The low δ value means that the binder is 

more elastic, and will “rebound” from the repeated loadings. 

 Again, modeling the properties of only the binder is not sufficient for 

characterizing the pavement’s response to fatigue distress.  The aggregate/binder 

interactions must be considered.  This assessment is accomplished through the 

use of the Superpave Shear Tester (SST). 

 The SST is a shear testing device developed at the University of California 

at Berkeley.  A photo is given in Figure 5 (20).  The SST is a closed-loop feedback, 

servo-hydraulic system that was developed to determine the susceptibility of a 

pavement to permanent deformation (5, 8).  The apparatus includes an extremely 

rigid reaction frame and a shear table such that precise displacement 

measurements can be obtained as shear loads are applied to the test specimen.  

Six tests can be performed using the SST.  They are the volumetric test, uniaxial 

strain test, repeated shear test at constant stress ratio, repeated shear test at 
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constant height, simple shear test at constant height, and frequency sweep test at 

constant height.  The results of these tests are used along with a set of 

mathematical models in order to predict pavement performance.  Performance 

prediction involves a material property model, an environmental effects model, a 

pavement response model, and a pavement distress model.   

 The volumetric test and uniaxial strain test use confining pressure in order 

to analyze permanent deformation and fatigue cracking in the complete analysis.  

The simple shear test at constant height and frequency sweep test at constant 

height are used to analyze permanent deformation and fatigue cracking in both 

the intermediate and complete analyses.  Test parameters vary according to the 

extent of the analysis.  The repeated shear test at constant height is described 

fully in AASHTO TP7-94, “Test Method for Determining the Permanent 

Deformation and Fatigue Cracking Characteristics of Hot Mix Asphalt (HMA) Using 

the Simple Shear Tester (SST) Device”.   

Permanent Deformation 

 Permanent deformation, or rutting, is the accumulation of small 

deformations caused by repeated heavy loads.  An example of rutting is given in 

Figure 7.  Years ago, rutting was not a significant problem.  The problem has been 

exacerbated by the substantial increase in truck tire inflation pressures (21).  

Truck tire pressures have been reported as high as 140 psi (22).   One type of 

rutting is a structural problem, and can be the result of an under-designed 

pavement section or a subgrade that has been weakened by moisture (23).  The 

other type of rutting is a mixture problem, and is the result of accumulated 
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unrecoverable strain in the asphalt layers due to either densification and/or 

repeated shear deformations under applied wheel loads.  This type of deformation 

is caused by consolidation, lateral movement, or both, of the HMA under traffic 

(24).  In either case, permanent deformation appears as longitudinal depressions 

in the wheel paths of the roadway.  Rutting is also a safety issue in that water can 

collect in the depressions, increasing the potential for hydroplaning and other 

associated wet-weather accidents (25).   

 There have been many attempts to predict the rutting characteristics of a 

pavement, and two basic methods exist.  The first is to use failure criterion based 

on correlations with road tests or actual field performance.  The other is to 

compute expected rut depths directly by using empirical relationships or 

theoretical computations based on the permanent deformation parameters of each 

component layer (18).  A number of mathematical relationships have been 

developed in order to predict rutting based on stress and/or strain information 

derived from laboratory tests.  Some use creep tests, some use repeated load 

tests, and some use both. 

 Permanent deformation can be modeled by an empirical equation such that 

permanent strain increases at a rate that is dependent on the mixture properties.  

The rate of accumulation of permanent strain decreases over time and finally 

becomes asymptotic to a value that is also dependent on the mixture properties.  

This process is called “strain hardening” because the mixture appears to increase 

in stiffness over time.  If a mix does not exhibit strain-hardening behavior, it may 
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actually have an increasing rate of accumulation of permanent strain and fall 

victim to excessive, or “tertiary” damage (26).   

Transverse Profiles 

 The transverse profile of a pavement contains valuable information that 

can be used to determine the contribution of each pavement layer to the observed 

total measure of rutting (27).  By characterizing the entire transverse profile rather 

than simply measuring rut depth, the magnitude, as well as the source of the 

rutting can be determined.  Thus, rehabilitation needs can be more appropriately 

assessed.  Also, transverse profile measurements provide greater repeatability 

than traditional rut depth measurement methods (28), and can therefore be used 

in the calibration of permanent deformation prediction models (27).  Research 

performed in both Europe and the United States has shown significant 

mathematical relationships between transverse profile of the failed pavement and 

the cause of failure (27, 28, 29). 

 The basic idea behind using transverse profile measurements to identify 

the source of rutting is that compactive deformation can occur in all layers, and is 

characterized by the downward vertical movement of the pavement structure.  

Alternatively, plastic deformation involves shifting of the upper HMA pavement 

layers such that the deformed surface are higher than the original pavement 

surface, often referred to as “heave” (18).   

The shape and dimensions of the deformations at the pavement surface 

may be used to categorize the pavement into on of four possible types, which are 

demonstrated in Figures 8 - 11.  The first type is rutting due to the subgrade.  
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Subgrade rutting is characterized by an entirely negative area, meaning that in a 

comparison of the original and current transverse profiles, the entire current 

profile is at a lower elevation than the original profile.  Rutting due to heave is 

entirely positive, and is due to an increase in subgrade volume due to 

environmental conditions.  Base and surface rutting are somewhat similar, having 

both positive and negative areas.  An overall marginally positive are would be 

considered surface rutting, and a marginally negative area would be considered 

base rutting.  Base rutting is characterized by the appearance of depressions, or 

negative area in the wheel paths, and uplift, or positive area between the wheel 

paths.  Surface rutting is similar, having depressions in the wheel paths and uplift 

between the wheel paths, but uplift also appears outside the wheel paths (28). 

Permanent Deformation in the Pavement Structure 

 Mechanistic-empirical design methods exist for pavement design with 

respect to permanent deformation.  As previously stated, the goal of the 

mechanistic-empirical procedures is to determine sufficient layer thickness, based 

on fundamental properties, in order to limit pavement distresses.   

Mechanistic modeling can either apply to rutting in the subgrade layer 

(referred to as the subgrade strain model approach), or to the permanent 

deformation within each layer of the pavement.  The second approach has not 

been widely used (30).  In cases where the HMA layers are primarily responsible 

for rutting, mechanistic-empirical design is uncertain.  The transfer functions that 

relate pavement responses to pavement performance are weak because HMA 

rutting is not fully understood.  Mechanistic-empirical design addresses only the 
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rutting of the entire pavement structure, not the type of rutting that occurs due to 

shear failure in HMA surface layers.   

Thickness does not necessarily help to prevent rutting near the surface of 

the HMA.  Therefore material selection and laboratory tests such as repeated 

loading and/or creep can help to assess or rank mixes according to their rutting 

potential (19).  Most methods for measuring permanent deformation employ a 

repeated load test, which is similar to a resilient modulus test. 

  Many prediction models exist for the purpose of predicting accumulated 

permanent strain.  Rutting is predicted as the accumulation of permanent strain in 

the pavement layers under repeated loading.  Laboratory tests provide a measure 

of the accumulated permanent strain, and mathematical models relate the 

measured value to an anticipated level of rutting throughout the design life of the 

pavement.  Barksdale developed a permanent deformation test procedure in 1972 

that involved a repeated triaxial test on a range of granular materials.  The 

procedure utilized a hyperbolic relation for static stress-strain to model permanent 

deformation behavior based on nonlinear elastic layer theory.  The model was 

used to predict rut depth based on the predicted permanent strain for various 

pavement layers given a number of load repetitions, such that the sum of the 

permanent strain for the layers was equal to the total rut depth.  Barksdale then 

defined the rut index as “the sum of the plastic strain in the center of the top and 

bottom half of the (granular) base multiplied by 10,000” (31).   

 Ohio State University developed a permanent strain accumulation 

prediction model that includes experimental constants to characterize the material 
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and the state of stress conditions.  The proposed permanent strain accumulation 

relation is given in Equation 2: 

 εp / N = ANm  Equation 2  

where εp is the plastic strain at N number of cycles, N is the number of repeated 

load applications, A is an experimental constant depending on material and state 

of stress conditions, and m is an experimental constant depending on material 

type.  Obviously this relationship is only valid for appropriate determinations of the 

constants A and m.  Extensive research was done relative to the determination of 

these constants.  Log transformations of the data were useful in calibrating the 

model based on field performance (19).   

 A similar model was developed during the NCHRP 1-10B study (32).  The 

investigation found that the rate of rutting could be related to surface deflection 

and to vertical stress on the surface directly beneath the HMA.  A series of 

equations were developed based on pavement thickness. 

 Model calibration is a critical part of mechanistic-empirical modeling.  Road 

test data has been used in numerous cases to validate mathematical models.  In a 

1993 study (33), rutting rate analysis was performed on AASHO Road Test flexible 

pavements.  The results indicated that pavement rutting trends could be 

reasonably correlated to the estimated subgrade stress ratio, which is a ratio of 

the deviator stress to the unconfined strength of the subgrade. 

 The Asphalt Institute mechanistic-empirical model has been used 

extensively in pavement design as a way to ascertain permanent deformation 

characteristics.  This model assumes that rutting takes place in the subgrade, and 
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that rutting in the other pavement layers is negligible.  This model is given in 

Equation 3:   

 Np = 1.365 * 10-9 * εc
-4.477   Equation 3 

such that Np is the number of load repetitions to failure due to permanent 

deformation based on the vertical compressive strain at the subgrade surface, εc.  

A permanent deformation damage ratio is calculated based on an arbitrary failure 

criteria.  As long as proper compaction of the pavement layers is obtained and the 

HMA mixture is properly designed, the use of Equation 3 should not result in more 

than 13 mm (0.5 in) of rut depth for the design traffic (18). 

 A 1998 study (30) compared the AI model with field rutting performance 

and found that the AI damage ratio is not a good predictor of rut depth.  This is 

likely due to the fact that the AI model presumes that the pavement layers above 

the subgrade do not contribute much to rutting, which in effect, excludes the 

upper pavement layers from the analysis.  Field-measured rut depths include 

rutting from all sources.  The report also stated that because the AI model does 

not indicate rutting behavior over time, it cannot account for changes in the rate 

of deformation typically experienced by a pavement.  A model similar to the AI 

model was developed by Shell.  This model performs about as well as the AI 

model, but produces lower damage estimates.  Like the AI model, it neglects 

upper pavement contributions to rutting, and cannot model a rate of deformation.  

Therefore, neither model is a good predictor of rut depth. 

 Due to the deficiencies of the AI and Shell models, a new model was 

developed, based on the assumption that the relationship between plastic and 
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elastic strains is linear for all pavement layers.  It also assumes that this 

relationship is nonlinearly related to the number of load repetitions, thereby 

allowing for a changing rate of deformation.  When the model was calibrated, it 

reasonably correlated with field rutting data (30).   

Permanent Deformation in the Asphalt Layers 

 Permanent deformation in the asphalt layers is typically due to either 

compactive deformation or plastic deformation.  Compactive deformation, or 

mixture densification, is a localized, one-dimensional vertical deformation in the 

HMA layers.  Plastic deformation is due to a lack of resistance to shear failure.  

This type of failure occurs along the shear plane of the surface layer such that the 

material in the wheel path is displaced laterally from its original location.  In other 

words, this type of rutting occurs when the shear strength of the asphalt mat is 

not great enough to withstand the load of vehicles traversing it.  In general, this 

type of failure occurs in the top 75-100 mm (3-4 in) of the HMA (34).  The shear 

deformation in this region is much more significant than rutting due to volume 

change (densification).  In fact, volume loss in the top 75-100 mm (3-4 in) of the 

HMA can account for about 1-2 mm (0.04-0.08 in) of the rut at most, and 

therefore the majority of most rutting is due to shear failure (35).  Evaluations 

relating to shear failure should be made using samples that best represent the 

upper portion of the HMA layer, both in terms of aggregate structure and level of 

compaction.  For these reasons, the top two layers of HMA can be the most 

critical.  A properly designed HMA mixture possessing a strong interlocking 
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aggregate structure combined with a binder of adequate stiffness can significantly 

reduce a pavement’s susceptibility to this type of rutting failure (8).   

 Many factors can affect the shear resistance of a mix.  Experience shows 

that stiff binders with large aggregates typically are more resistant to rutting than 

mixes containing finer aggregates and higher binder content (13).  Natural 

(rounded) sands increase a mixture’s susceptibility to rutting (36).  The rounded 

particles can function as ball-bearings, reducing the stability of the mix.  Coarse 

aggregates provide the skeleton of the mixture, and since larger aggregate 

particles are considered to be stronger than fine aggregate particles, a coarse-

graded aggregate blend should provide a rut-resistant mix structure.  Binder 

content is also important.  Binder film thickness should be adequate for coating 

the aggregate and providing cohesion, but too much binder can actually have a 

lubricating effect, creating an unstable mix (36). 

 Air voids play a significant role in a mixture’s resistance to shear failure.  

HMA mixes are typically most stable at some air void content between 3 and 7 

percent.  In-place air void contents below about 3 percent have been shown to 

greatly increase the probability of premature rutting (34, 36).  High air voids 

(above 7 percent) can also increase the likelihood of rutting.  At high air void 

contents, poorly compacted mixes can experience considerable shear flow.  To 

avoid this phenomenon, the HMA should be compacted to a void content well 

above 3.0 percent, (in the range of approximately 5 to 7 percent) using an 

adequately high compactive effort so that the voids remain above 3.0 percent 

even under expected traffic.  In general, rutting resistance can be increased 
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through the use of angular aggregates, appropriate binder contents, and by 

keeping the air void content at an appropriate level. 

Permanent Deformation Tests 

 Marshall and Hveem mixture design methods sought to address this type 

of distress through volumetric relationships and a measurement of stability.  

However, these stability tests did not always adequately predict the rutting 

resistance of the mix (35, 37, 38, 39).  

Superpave Shear Tester  

Superpave recommends the use of the SST for the assessment of mixtures 

with respect to shear resistance.  In fact, all six tests mentioned by Superpave for 

use in the SST relate to rutting.  During each of these tests, axial and shear loads 

and deformations are measured and recorded.  G*/sin δ is again the parameter 

used to evaluate a mixture’s resistance to shear failure.  A well-compacted mix 

with a good aggregate structure will develop a high axial stress at small shear 

strain levels.  Poor mixes can generate similar levels of axial stresses but require 

much higher shear strains to do so.  The rate of permanent deformation is related 

directly to the magnitude of the shear strain (20).   

In a complete Superpave analysis, the volumetric test and uniaxial strain 

test use confining pressure in order to analyze permanent deformation 

characteristics.  Repeated shear at constant stress ratio (RSCSR) is used as a 

screening test for tertiary rutting, which is severe plastic flow of the mix which 

occurs when the air void content becomes very low – less than 2 or 3 percent. 
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Figure 26.  Laboratory Sample Preparation 
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Figure 27.  The Wire Line Principle 
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Figure 28.  Typical Profile of Homogeneous Slab Sample  
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Figure 29.  Typical Profile of Homogeneous Core Sample  
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Figure 30.  Typical Profile of Non-Homogeneous Slab Sample  
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Figure 31.  Typical Profile of Non-Homogeneous Core Sample  
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Figure 32.  Profile of Cylindrical Specimens with Stable Interface 
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Figure 33.  Profile of Cylindrical Specimens with Unstable Interface 
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Figure 34.  Profile of Sawn Cylindrical Specimens 
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Figure 35.  Profile Data Points Retained When Testing Slab Samples 
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Figure 36.  Profile Data Points Retained When Testing Cylindrical Samples 
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Figure 37.  Profile Data Points Retained When Testing Sawn Cylindrical Samples 
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Figure 38.  Sample ERSA Data 
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Figure 39.  Rut Depth at 20,000 Cycles vs. Air Voids for AR22 
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Figure 40.  Rut Depth at 20,000 Cycles vs. Air Voids for AR45 
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Figure 41.  Rut Depth at 20,000 Cycles vs. Air Voids for I30B 
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Figure 42.  Rut Depth at 20,000 Cycles vs. Air Voids for I30S 
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Figure 43.  Rut Depth at 20,000 Cycles vs. Air Voids for I40B 
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Figure 44.  Rut Depth at 20,000 Cycles vs. Air Voids for I40S 
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Figure 45.  Rut Depth at 20,000 Cycles vs. Air Voids for US71B 
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Figure 46.  Rut Depth at 10,000 Cycles vs. Air Voids for AR22 
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Figure 47.  Rut Depth at 10,000 Cycles vs. Air Voids for AR45 
 
 



 

 302

 
 
 
 
 
 
 
 

I-30 Binder - ERSA Lab Cores
Not Sawn, 50 C and 132 lb Load

y = 0.4258x - 0.8326
R2 = 0.2965

0

2

4

6

8

10

12

2 3 4 5 6 7 8 9 10 11 12

Air Voids (%)

Ru
t 

D
ep

th
 a

t 
10

,0
00

 C
yc

le
s 

(m
m

)

 
 
 
 

Figure 48.  Rut Depth at 10,000 Cycles vs. Air Voids for I30B 
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Figure 49.  Rut Depth at 10,000 Cycles vs. Air Voids for I30S 
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Figure 50.  Rut Depth at 10,000 Cycles vs. Air Voids for I40B 
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Figure 51.  Rut Depth at 10,000 Cycles vs. Air Voids for I40S 
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Figure 52.  Rut Depth at 10,000 Cycles vs. Air Voids for US71B 
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Figure 53.  Rutting Slope vs. Air Voids for AR22 
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Figure 54.  Rutting Slope vs. Air Voids for AR45 
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Figure 55.  Rutting Slope vs. Air Voids for I30B 
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Figure 56.  Rutting Slope vs. Air Voids for I30S 
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Figure 57.  Rutting Slope vs. Air Voids for I40B 
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Figure 58.  Rutting Slope vs. Air Voids for I40S 
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Figure 59.  Rutting Slope vs. Air Voids for US71B 
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Figure 60.  Initial Consolidation vs. Air Voids for AR22 
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Figure 61.  Initial Consolidation vs. Air Voids for AR45 
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Figure 62.  Initial Consolidation vs. Air Voids for I30B 
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Figure 63.  Initial Consolidation vs. Air Voids for I30S 
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Figure 64.  Initial Consolidation vs. Air Voids for I40B 
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Figure 65.  Initial Consolidation vs. Air Voids for I40S 
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Figure 66.  Initial Consolidation vs. Air Voids for US71B 
 
 



 

 321

 
 
 
 
 
 
 
 

AR22 - Dardanelle - ERSA Lab Cores
Not Sawn, 50 C and 132 lb Load

y = -1261.1x + 11170
R2 = 0.5521

0

1000

2000

3000

4000

5000

2 3 4 5 6 7 8 9 10 11 12

Air Voids (%)

St
rip

pi
ng

 S
lo

pe
 (

cy
c/

m
m

)

 
 
 

Figure 67.  Stripping Slope vs. Air Voids for AR22 
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Figure 68.  Stripping Inflection Point vs. Air Voids for AR22 
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Figure 69.  Rut Depth at Stripping Inflection Point vs. Air Voids for AR22 
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Figure 70.  Effect of Temperature and Load on Rut Depth at 20,000 Cycles 
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Figure 71.  Effect of Temperature and Load on Rut Depth at 10,000 Cycles 
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Figure 72.  Effect of Temperature and Load on Rutting Slope 
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Figure 73.  Effect of Temperature and Load on Initial Consolidation 
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Figure 74.  Effect of Temperature and Load on Stripping Slope 
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Figure 75.  Effect of Temperature and Load on Stripping Inflection Point 
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Figure 76.  Effect of Temperature and Load on Rut Depth at Stripping Inflection 
Point 
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Figure 77.  Comparison of Wheel Type - Testing Laboratory-Compacted 
Cylindrical Specimens (APA Tests at 50 C Based on  

Automatic Measurements) 
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Figure 78.  Comparison of Wheel Type - Testing Laboratory-Compacted 
Cylindrical Specimens (APA Tests at 50 C Based on  

Manual Measurements) 
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Figure 79.  Comparison of Wheel Type - Testing Laboratory-Compacted 
Cylindrical Specimens (APA Tests at 64 C by TEM Based on  

Automatic Measurements) 
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Figure 80.  Comparison of Wheel Type - Testing Laboratory-Compacted 
Cylindrical Specimens (APA Tests at 64 C by TEM Based on  

Manual Measurements) 
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Rut Depth vs. VMA (%)
ERSA Lab Cores Tested at 50 C and 132 lb Load
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Figure 81.  Relationship of VMA and Rut Depth at 20,000 Cycles in ERSA Testing 
Laboratory-Compacted Cores at 50 C and a 132 lb Load 
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Rut Depth vs. Binder Content (%)
ERSA Lab Cores Tested at 50 C and 132 lb Load
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Figure 82.  Relationship of Binder Content and Rut Depth at 20,000 Cycles in 
ERSA Testing Laboratory-Compacted Cores at 50 C and a 132 lb Load 
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Rut Depth vs. Compaction Slope
ERSA Lab Cores Tested at 50 C and 132 lb Load
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Figure 83.  Relationship of Compaction Slope and Rut Depth at 20,000 Cycles in 
ERSA Testing Laboratory-Compacted Cores at 50 C and a 132 lb Load 
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Rut Depth vs. Film Thickness (µm)
ERSA Lab Cores Tested at 50 C and 132 lb Load
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Figure 84.  Relationship of Film Thickness and Rut Depth at 20,000 Cycles in 
ERSA Testing Laboratory-Compacted Cores at 50 C and a 132 lb Load 
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Rut Depth vs. PG Grade
ERSA Lab Cores Tested at 50 C and 132 lb Load
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Figure 85.  Relationship of PG Binder Grade and Rut Depth at 20,000 Cycles in 
ERSA Testing Laboratory-Compacted Cores at 50 C and a 132 lb Load 
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Rut Depth vs. VMA (%)
Laboratory-Compacted Cores Tested in the APA at 64 C
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Figure 86.  Relationship of VMA and Rut Depth at 8,000 Cycles in the APA 
Testing Laboratory-Compacted Cores at 64 C 
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Rut Depth vs. PG Grade
Laboratory-Compacted Cores Tested in the APA at 64 C
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Figure 87.  Relationship of PG Binder and Rut Depth at 8,000 Cycles in the APA 
Testing Laboratory-Compacted Cores at 64 C 
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Rut Depth vs. NMAS
Laboratory-Compacted Cores Tested in the APA at 64 C
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Figure 88.  Relationship of NMAS and Rut Depth at 8,000 Cycles in the APA 
Testing Laboratory-Compacted Cores at 64 C 
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Mix Design Summary 
 

Highway: Interstate 30 West  

Location: Little Rock  

Job Number: 060802 Sampling Date: 

Nmax: 228 September 1997 

Ndes: 139  

Nini: 9  

Binder Content: 5.5%  

PG Grade: 76-22  

NMAS: 12.5 mm  

Primary Agg. 
Type: Syenite  

   

   

Gb: 1.033 Design Gsb: 2.589 

Design Air Voids: 4.0% Design Gse: 2.629 

Design Gmm: 2.423 % Passing #4: 57 

Design VMA: 14.7% % Passing #8: 37 

VMA Correction: 1.3% % Passing #200: 3.2 

Design VFA: 75.0% % Natural Sand: 0 

Design F/A Ratio: 0.65 Gradation Type: BRZ 

Marshall 
Stability: 100.0% Surface Area 

(ft2/lb): 20.64 

Avg. AASHTO  
T 283  TSR: 84.2% Percent Insoluble: 100 

Film Thickness 
(µm) 11.9  

 



 

  

Design Summary 
 

Highway: Interstate 30 West  

Location: Little Rock  

Job Number: 060802 Sampling Date: 

Nmax: 228 September 1997 

Ndes: 139  

Nini: 9  

Binder Content: 4.2%  

PG Grade: 76-22  

NMAS: 25.0 mm  

Primary Agg. 
Type: Syenite  

   

   

Gb: 1.033 Design Gsb: 2.609 

Design Air Voids: 4.0% Design Gse: 2.626 

Design Gmm: 2.466 % Passing #4: 28 

Design VMA: 13.1% % Passing #8: 21 

VMA Correction: 0.5% % Passing #200: 3.2 

Design VFA: 69.3% % Natural Sand: 0 

Design F/A Ratio: 0.81 Gradation Type: BRZ 

Marshall 
Stability: 90.1% Surface Area 

(ft2/lb): 17.02 

Avg. AASHTO  
T 283  TSR: 82.7% Percent Insoluble: 100 

Film Thickness 
(µm) 11.5  

 



 

  

Design Summary 
 

Highway: Interstate 40  

Location: Morgan  

Job Number: 060592 Sampling Date: 

Nmax: 240 April 1998 

Ndes: 146  

Nini: 9  

Binder Content: 5.2%  

PG Grade: 76-22  

NMAS: 12.5 mm  

Primary Agg. 
Type: Syenite  

   

   

Gb: 1.030 Design Gsb: 2.588 

Design Air Voids: 4.0% Design Gse: 2.631 

Design Gmm: 2.434 % Passing #4: 59 

Design VMA: 14.4% % Passing #8: 38 

VMA Correction: 1.4% % Passing #200: 4.8 

Design VFA: 72.0% % Natural Sand: 0 

Design F/A Ratio: 0.72 Gradation Type: BRZ 

Marshall 
Stability: NA Surface Area 

(ft2/lb): 25.52 

Avg. AASHTO  
T 283  TSR: 91.0% Percent Insoluble: 100 

Film Thickness 
(µm) 9.0  

 



 

  

Design Summary 
 

Highway: Interstate 40  

Location: Morgan  

Job Number: 060592 Sampling Date: 

Nmax: 240 April 1998 

Ndes: 146  

Nini: 9  

Binder Content: 5.0%  

PG Grade: 76-22  

NMAS: 25.0 mm  

Primary Agg. 
Type: Syenite/Sandstone  

   

   

Gb: 1.030 Design Gsb: 2.541 

Design Air Voids: 4.0% Design Gse: 2.630 

Design Gmm: 2.437 % Passing #4: 28 

Design VMA: 12.5% % Passing #8: 21 

VMA Correction: 3.0% % Passing #200: 3.8 

Design VFA: 67.2% % Natural Sand: 0 

Design F/A Ratio: 1.02 Gradation Type: BRZ 

Marshall 
Stability: NA Surface Area 

(ft2/lb): 19.26 

Avg. AASHTO  
T 283  TSR: 87.5% Percent Insoluble: 100 

Film Thickness 
(µm) 9.9  

 



 

  

Design Summary 
 

Highway: US Highway 71B  

Location: Springdale  

Job Number: 040274 Sampling Date: 

Nmax: 195 June 1998 

Ndes: 121  

Nini: 9  

Binder Content: 6.2%  

PG Grade: 70.22  

NMAS: 12.5 mm  

Primary Agg. 
Type: Limestone/Sandstone  

   

   

Gb: 1.016 Design Gsb: 2.527 

Design Air 
Voids: 4.0% Design Gse: 2.603 

Design Gmm: 2.373 % Passing #4: 42 

Design VMA: 15.5% % Passing #8: 29 

VMA Correction: 2.4% % Passing #200: 3.1 

Design VFA: 73.0% % Natural Sand: 0 

Design F/A 
Ratio: 0.62 Gradation Type: BRZ 

Marshall 
Stability: 95.5% Surface Area 

(ft2/lb): 17.26 

Avg. AASHTO  
T 283  TSR: 89.0% Percent Insoluble: 100 

Film Thickness 
(µm) 15.1  

 



 

  

Design Summary 
 

Highway: Arkansas Hwy. 45  

Location: Hartford  

Job Number: R40129 Sampling Date: 

Nmax: 129 July 1998 

Ndes: 83  

Nini: 7  

Binder Content: 6.3%  

PG Grade: 64-22  

NMAS: 12.5 mm  

Primary Agg. 
Type: Sandstone  

   

   

Gb: 1.031 Design Gsb: 2.533 

Design Air Voids: 4.0% Design Gse: 2.621 

Design Gmm: 2.389 % Passing #4: 54 

Design VMA: 15.3% % Passing #8: 29 

VMA Correction: 2.8% % Passing #200: 5.8 

Design VFA: 73.8% % Natural Sand: 0 

Design F/A Ratio: 1.19 Gradation Type: BRZ 

Marshall 
Stability: 81.8% Surface Area 

(ft2/lb): 26.50 

Avg. AASHTO  
T 283  TSR: 95.4% Percent Insoluble: 100 

Film Thickness 
(µm) 9.6  

 



 

  

Design Summary 
 

Highway: Arkansas Hwy. 22  

Location: Dardanelle  

Job Number: 080124 Sampling Date: 

Nmax: 150 August 1998 

Ndes: 95  

Nini: 8  

Binder Content: 5.8%  

PG Grade: 64-22  

NMAS: 12.5 mm  

Primary Agg. 
Type: Sandstone  

   

   

Gb: 1.033 Design Gsb: 2.560 

Design Air Voids: 4.0% Design Gse: 2.652 

Design Gmm: 2.431 % Passing #4: 60 

Design VMA: 14.3 % Passing #8: 36 

VMA Correction: 3.0% % Passing #200: 3.2 

Design VFA: 72.0% % Natural Sand: 0 

Design F/A Ratio: 0.71 Gradation Type: BRZ 

Marshall 
Stability: 90.4% Surface Area 

(ft2/lb): 20.14 

Avg. AASHTO  
T 283  TSR: 85.1% Percent Insoluble: 100 

Film Thickness 
(µm) 11.2  
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Standard Test Method for  
DETERMINING RUTTING AND STRIPPING SUSCEPTIBILITY USING THE 

EVALUATOR OF RUTTING AND STRIPPING IN ASPHALT (ERSA) 
 
 

1.  SCOPE 
 

1.1 This method covers the procedure for testing the rutting and stripping 
susceptibility of hot mix asphalt (HMA) mixtures using the Evaluator of Rutting 
and Stripping in Asphalt (ERSA). 

1.2 The units stated for values are to be regarded as the standard.  The values 
given in parentheses are for information only. 

1.3 This standard does not purport to address all of the safety concerns, if any, 
associated with its use.  It is the responsibility of the user of this standard to 
establish appropriate safety and health practices and to determine the 
applicability of regulations prior to use. 

 
2.  REFERENCED DOCUMENTS 
 
 2.1 AASHTO Standards: 
  PP2 Short- and Long-Term Aging of Bituminous Mixes 

TP4  Preparation of Compacted Specimens o Modified and Unmodified 
Hot Mix Asphalt by Means of the SHRP Gyratory Compactor 

T166 Bulk Specific Gravity of Compacted Bituminous Mixtures Using 
Saturated Surface-Dry Specimens 

T168 Standard Practice for Sampling Bituminous Paving Mixtures 
T209 Theoretical Maximum Specific Gravity and Density of Bituminous 

Paving Mixtures 
T269 Percent air Voids in Compacted Dense and Open Bituminous 

Paving Mixtures 
 
3.  APPARATUS 
 

3.1 Evaluator of Rutting and Stripping in Asphalt (ERSA) – A thermostatically 
controlled device designed to test the rutting susceptibility of hot mix asphalt 
by applying repetitive linear loads to compacted test specimens by a steel 
wheel. 

3.1.1 ERSA shall be thermostatically controlled to maintain the test 
temperature in the testing chamber at any setting between 20 C 
and 65 C, accurate to 1 C. 

3.1.2 ERSA shall be capable of maintaining a constant temperature in 
two recirculating water baths at settings in the range of 20 C to 65 
C, accurate to 1 C.  The water recirculation unit shall be capable 
of continuously monitoring the temperature of the water in the 
water baths. 

3.1.3 ERSA shall be capable of independently applying loads up to 705 
N (158 lb) to each wheel.  The loads shall be calibrated to the 
desired test load by a load cell. 

3.1.4 ERSA shall contain at least two sample trays and be capable of 
testing at least two samples simultaneously. 

3.1.5 ERSA shall have a master cycle counter. 



 

  

3.1.6 ERSA shall have an automated data acquisition system for the 
purpose of collecting cycle number and vertical deformation 
information for the entire profile of each sample.  Rut depth 
measurements shall be accurate to 0.01 mm. 

3.2 Balance, 6,000 gram capacity, accurate to 0.1 gram. 
3.3 Mixing utensils (bowls, spoon, spatula) 
3.4 Ovens for heating aggregate and asphalt cement. 
3.5 Compaction device and molds. 

 
4.  PREPARATION OF TEST SPECIMENS 
 

4.1 Number of test specimens – Each ERSA test will consist of four cylindrical 
specimens (150 mm in diameter), comprising two ERSA samples.  Sample 
height should be at least 75 mm and not more than 175 mm.  Samples 
should be compacted to contain 7.0 ± 1.0 percent air voids. 

4.2 Laboratory Prepared Mixtures 
4.2.1 Mixture proportions are batched in accordance to the desired Job 

Mix Formula.   
4.2.2 The asphalt binder and aggregates shall be mixed and compacted 

in accordance with AASHTO TP4. 
4.2.3 Test samples shall be aged in accordance with the short-term 

aging procedure in AASHTO PP2. 
4.3 Plant Produced Mixtures 

4.3.1 Samples of plant-produced mixtures shall be obtained in 
accordance with AASHTO T169.  Representative samples should 
be split from the sampled quantity such that the desired sample 
height will be obtained following specimen compaction. 

4.3.2 Specimens shall be compacted in accordance with AASHTO TP4.  
 
5.  DETERMINATION OF AIR VOID CONTENT 
 

5.1 Determine the bulk specific gravity of the test specimens in accordance with 
AASHTO T166. 

5.2 Determine the maximum specific gravity of the test mixture in accordance 
with AASHTO T209. 

5.3 Determine the air void content of each test specimen in accordance with 
AASHTO T269. 

5.4 Pair specimens such that two cylindrical specimens will comprise one ERSA 
test sample. 

 
6.  MOLDING SPECIMENS 
  

6.1 Wire the specimens lengthwise to a non-flexible plate, such that the plate will 
span the length of the sample tray.   

6.2 Place acrylic spacer blocks to occupy mold volume not needed for the sample.  
The spacer blocks should not touch the HMA samples when molded. 

6.3 Place HMA sample such that its top surface is flush with the plane of the top 
of the sample mold. 

6.4 Mix plaster of paris according to manufacturer instructions, and fill all voids in 
the sample mold.   



 

  

NOTE: A plastic membrane place in the bottom the sample mold may help to 
prevent leaks. 

6.5 Allow the plaster to cure until sufficiently hardened to prevent deformation.   
6.6 Remove the lengthwise plate and place molded sample in ERSA. 

 
7.  TEST TEMPERATURE, SPEED, AND LOAD 
 

7.1 The test shall be performed at a temperature of 50 C in the submerged 
condition. 

7.2 The wheel speed shall be set such that approximately 550±50 cycles are 
applied to the sample each hour. 

7.3 The load applied to the sample shall be 132 lb (589 N).  
 
8.  SPECIMEN PREHEATING 
  

8.1 Samples shall be subjected to a static soak conditioning period in the 
temperature calibrated ERSA water bath.  The conditioning period should last 
a minimum of four hours and a maximum of eight hours.   

 
9.  PROCEDURE 
 

9.1 Apply the 132 lb load to each test sample. 
9.2 Provide a unique filename for the file containing sample data. 
9.3 Prepare the data acquisition system for the test. 
9.4 Apply 10 to 15 cycles to seat the samples prior to the initial deformation  

measurement. 
9.5 Apply 20,000 cycles to the samples.  

 
10.  CALCULATIONS 
 

10.1 Use the average of ten profile points at the interior of each cylindrical 
specimen making up the test sample as the basis for all calculations.  
Average rut depth shall be plotted graphically against number of cycles. 

10.2 Calculate the rut depth as the difference in the final and initial rut depth 
measurements, in millimeters.   

10.3 Initial consolidation is determined as the depth of compaction experienced 
by the sample prior to the start of the rutting slope. 

10.3.1 Initial consolidation should occur within the first hour of testing. 
10.4 The rutting slope is the inverse of the slope of the linear portion of the 

rutting response curve, prior to the onset of stripping.   
10.4.1 Rutting slope is presented as the number of cycles required to 

create a 1-mm rut depth.   
10.5 The stripping slope, if present, is the inverse of the slope of the linear 

portion of the stripping response curve, after the onset of stripping. 
10.5.1 Stripping slope is presented as the number of cycles required to 

create a 1-mm rut depth. 
10.6 The stripping inflection point, if present, is the point of intersection of the 

rutting slope and stripping slope.  
10.6.1 Stripping inflection point is presented as the number of cycles 

corresponding to the intersection of the rutting and stripping 
slopes. 



 

  

10.7 An example calculation is contained in the APPENDIX. 
 
11.  REPORT 
 

11.1 The test report shall include the following information: 
11.1.1 The laboratory name, technician name, and data of test. 
11.1.2 The mixture type and description. 
11.1.3 The sample type. 
11.1.4 The average air void content of the test samples. 
11.1.5 The test temperature and load. 
11.1.6 The average rut depths at 20,000 cycles to the nearest 0.01 mm. 
11.1.7 The initial consolidation to the nearest 0.01 mm. 
11.1.8 The rutting slope to the nearest cycle/mm. 
11.1.9 The stripping slope to the nearest cycle/mm. 
11.1.10 The stripping inflection point to the nearest 10 cycles. 

 
12.  PRECISION AND BIAS 
 

12.1 No statement is currently available regarding the precision and bias of this 
test method. 

 
 
 

ANNEX 
(Mandatory Information) 

 
A.  CALIBRATION 

 
The following items should be checked for calibration no less than once per year:  (1) 
ERSA water temperature, (2) ERSA wheel loads, and (3) ERSA wheel speed.  Instructions 
for each of these calibration checks is included in this section. 
 
A.1  ERSA Water Bath Temperature Calibration  

A.1.1  The thermometer on the recirculation unit shall be verified and/or calibrated 
using a NIST traceable liquid-in-glass calibration thermometer in the range of the 
testing temperature.  During verification, the calibration thermometer shall be at 
least partially submerged in the filled water bath.   

A.1.2  When the water temperature has stabilized, allow the thermometer to remain 
in the water bath for a minimum of one hour.  After one hour, record the 
temperature quickly, without completely removing the thermometer from the 
water bath.  Return the thermometer to its original position. 

A.1.3  Thirty minutes after obtaining the first reading, obtain another reading of the 
thermometer.  Again, do so quickly, without completely removing the thermometer 
from the water bath.   

A.1.4  Repeat step 1.3 until three consecutive readings are within 0.5 C of each 
other.  If necessary, apply a temperature correction factor to the recirculation unit. 

A.1.5  Repeat steps 1.1 through 1.4 for each water bath. 
 
A.2  ERSA Wheel Load Calibration 

A.2.1  Perform the load calibration using a calibrated load cell.   



 

  

A.2.2  Position the load cell directly beneath the center of the wheel in its lowered 
position. 

A.2.3  Zero the load cell. 
A.2.4  Lower the wheel and apply the normal testing load. 
A.2.5  Allow the load cell reading to stabilize.  Record the load. 
A.2.6  Repeat steps 2.2 through 2.5 for each ERSA wheel. 
 

A.3  ERSA Wheel Speed Calibration 
A.3.1  Using a stopwatch, record the number of wheel cycles completed in one 

minute.  Multiply this value by 60.  If the result is not within the specified 
tolerance, adjust the speed of the motor. 

A.3.2  Repeat this process until three consecutive readings are acceptable. 
 
 

APPENDIX 
 (Nonmandatory Information) 

 
X1.  Calculation of Test Data 

 
X1.1  Inverse of linear slope (cycles/mm) = (C2 – C1) / (R2 – R1) 
 
  Where  C1 = Number of Cycles at Beginning of Linear Portion 
   C2 = Number of Cycles at End of Linear Portion 
   R1 = Rut Depth at Beginning of Linear Portion (mm) 
   R2 = Rut Depth at End of Linear Portion (mm) 
 
X1.2  Sample Data Plot 

 
 

AR22 - Dardanelle - Sample B3 - 2
ERSA - 50 C and 132 lb Load - Field Slab

0

2
4

6

8

10
12

14

16
18

20
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000

Number of Cycles

Ru
t D

ep
th

 (m
m

)

Rutting Slope

Stripping Slope

SIP

 
 


